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Plant viruses in the genus Curtovirus (family Geminiviridae) are vectored by the beet leafhopper (Circulifer tenellus) and cause curly top
disease in a wide range of dicotyledonous plants. An infectious clone of an isolate of Beet mild curly top virus (BMCTV-[W4]), associated
with an outbreak of curly top in pepper and tomato crops, was characterized and used to investigate the role of the capsid protein (CP) in viral
biology and pathogenesis. Frameshift mutations were introduced into the overlapping CP and V2 genes, and a series of CP alanine scanning
mutations were generated. All mutants replicated in tobacco protoplasts or systemically infected plants, consistent with these gene products
not being required for viral DNA replication. The CP frameshift mutant and most C-terminal alanine scanning mutants did not systemically
infect Nicotiana benthamiana plants or form detectable virions, and were not leafhopper-transmitted. In contrast, most N-terminal alanine
scanning mutants systemically infected N. benthamiana and induced disease symptoms, formed virions and were leafhopper-transmissible;
thus, these substitution mutations did not significantly alter the functional properties of this region. One N-terminal mutant (CP49-51)
systemically infected N. benthamiana, but did not form detectable virions; whereas another (CP25-28) systemically infected N. benthamiana
and formed virions, but was not insect-transmissible. These mutants may reveal regions involved in virus movement through the plant and/or
leafhopper vector. Together, these results indicate an important role for virions in systemic infection (long-distance movement) and insect
transmission, and strongly suggest that virions are the form in which BMCTV moves, long distance, in the phloem.
D 2005 Elsevier Inc. All rights reserved.Keywords: Alanine scanning mutagenesis; Capsid protein; Beet leafhopper (Circulifer tenellus); Curly top disease; Curtovirus; Geminivirus; Insect
transmission; Single-stranded DNA virus; Plant virus movementIntroduction
The curly top disease of dicotyledonous plants is caused
by viruses in the genus Curtovirus of the family Geminivir-
idae, a group of plant viruses with small circular single-
stranded DNA genomes encapsidated in unique quasi-
isometric particles (18  30 nm) (Hanley-Bowdoin et al.,
1999; Harrison, 1985; Rojas et al., 2005; Rybicki, 1994;0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.07.009
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Warson Road, St. Louis, MO 63132, USA.Timmermans et al., 1994; Van Regenmortel et al., 2000). In
nature, curtoviruses are spread by the beet leafhopper,
Circulifer tenellus (Baker). Curly top disease is an
economically important disease of crop plants such as
common bean, pepper, sugar beet and tomato in the Western
United States and other geographic locations (Bennett,
1971; Stenger and McMahon, 1997). Symptoms of curly
top disease include stunted growth, leaf curling and
yellowing, as well as necrosis and hyperplasia of the
phloem (Bennett, 1971). Curtovirus infections are consid-
ered to be phloem-limited; and viral replication, gene
expression and virion formation occur in the nucleus (Esau,
1977; Esau and Hoefert, 1973; Esau and Magyarosy, 1979;
Latham et al., 1997; Thornley and Mumford, 1979).05) 257 – 270
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that differ in nucleotide sequence (¨80% sequence
identity) and biological properties, such as host range
and symptomatology: the type member Beet curly top
virus (BCTV, previously the California/Logan strain of
BCTV), Beet mild curly top virus (BMCTV, previously the
Worland strain of BCTV), Beet severe curly top virus
(BSCTV, previously the CFH strain of BCTV), Horse-
radish curly top virus and Spinach curly top virus (Baliji
et al., 2004; Klute et al., 1996; Stanley et al., 1986;
Stenger et al., 1990; Stenger, 1998). Curtoviruses have a
monopartite genome of ¨2.9 kb and a similar genome
organization: seven open reading frames (ORFs) tran-
scribed in a bidirectional fashion from a 450 bp intergenic
region (IR) that contains the origin of viral DNA
replication (Baliji et al., 2004; Briddon et al., 1998; Klute
et al., 1996; Stanley et al., 1986; Stenger, 1994). The three
virion-sense ORFs, V1, V2 and V3, are highly conserved
and encode the capsid protein (CP), a single-stranded (ss)/
double-stranded (ds) DNA regulator and a putative move-
ment protein (MP), respectively. The four complementary-
sense ORFs, C1, C2, C3 and C4, are more divergent and
encode the replication-associated protein (Rep), a product
involved in a recovery phenotype, an enhancer of
replication and a product involved in symptom develop-
ment, respectively (Briddon et al., 1989; Hormuzdi and
Bisaro, 1993; Latham et al., 1997; Stanley et al., 1992;
Stenger and Ostrow, 1996). The IR is also divergent
among curtovirus species and contains species-specific
repeated iterons that mediate Rep binding during the
process of DNA replication (Arguello-Astorga et al., 1994;
Hanley-Bowdoin et al., 1999; Stenger, 1998).
The geminivirus CP is multifunctional and is involved
in virion formation, systemic infection and insect trans-
mission; but it is not required for replication of viral DNA.
Furthermore, the role of CP in systemic infection depends
on the specific geminivirus–host combination. For some
whitefly-transmitted bipartite begomoviruses in some host
plant species, CP is not required for systemic infection
(i.e., cell-to-cell and long-distance movement) or symptom
development (Azzam et al., 1994; Gardiner et al., 1988;
Guevara-Gonzalez et al., 1999; Ingham et al., 1995;
Pooma et al., 1996; Stanley and Townsend, 1986;
Sudarshana et al., 1998; Wang et al., 1999). In contrast,
CP is required for systemic infection of monopartite
begomoviruses (Rigden et al., 1993; Wartig et al., 1997),
curtoviruses (Briddon et al., 1989) and mastreviruses
(Boulton et al., 1989; Liu et al., 1998; Lazarowitz et al.,
1989). Irrespective of the type of geminivirus examined,
the CP is essential for insect transmission (Azzam et al.,
1994; Ho¨fer et al., 1997; Ho¨hnle et al., 2001; Mullineaux
et al., 1984), and it is the determinant of vector specificity
(Briddon et al., 1990).
In this study, we present the development and application
of an experimental system to investigate the role of the
curtovirus CP in viral biology and pathogenesis. A BMCTVinfectious clone was characterized, and a series of alanine
scanning mutants were generated and assessed for repli-
cation, systemic infection, virion formation and leafhopper
transmission.Results
Generation and characterization of a full-length infectious
BMCTV clone
The partial sequence of a BMCTV isolate, associated
with an outbreak of curly top in pepper and tomato
crops in New Mexico, U.S.A. in 1995 (Guzma´n et al.,
1996), was used to design an overlapping primer pair
(Patel et al., 1993). This primer pair directed the
amplification of a putative full-length (¨2.9 kbp)
BMCTV DNA fragment from a pepper plant from this
disease outbreak (data not shown). This fragment was
cloned to generate pBMCTV-[W4].
The pBMCTV-[W4] insert (hereafter referred to as
BMCTV-[W4]) is 2930 nucleotides (GenBank accession
number AY134867), and is 97%, 84% and 80% identical to
sequences of BMCTV (accession no. U56975), BSCTV
(accession no. U02311) and BCTV (accession no. M24597),
respectively. The genome organization of BMCTV-[W4] is
similar to that of previously characterized curtoviruses, with
3 virion-sense and 4 complementary-sense ORFs. The
nucleotide and amino acid sequences of the BMCTV-[W4]
ORFs are 93%–100% identical to those of BMCTV (data
not shown), with the virion-sense and C1/C4 ORFs most
highly conserved, and the C2 and C3 ORFs most divergent.
The BMCTV-[W4] and BMCTV CP nucleotide and amino
acid sequences are 99% and 100% identical, respectively;
and the IR and Rep protein high affinity binding sites are
92% and 100% identical, respectively. These results
establish that BMCTV-[W4] is an isolate of BMCTV.
The BMCTV-[W4] monomer (released from pBMCTV-
[W4]) replicated in transfected tobacco protoplasts based on
the detection of newly replicated DNA forms, beginning 1
day post-electroporation (dpe) and increasing over the
course of the experiment (5 dpe) (data not shown). The
BMCTV-[W4] monomer was next introduced into leaves of
Nicotiana benthamiana plants by particle bombardment. In
three independent experiments, a total of 16/18 plants
developed stunted growth and leaf epinasty, crumpling and
chlorosis symptoms by 15 days post-bombardment (dpb).
Plants bombarded with gold particles only did not develop
symptoms. Consistent with these results, a diagnostic ¨1.1
kbp BMCTV CP fragment was amplified from all sympto-
matic plants, whereas no fragment was amplified from
plants without symptoms. Similar results were obtained for
the undigested multimeric construct, pBMCTV-[W4]1.2
(data not shown). Together, these results established that
the cloned BMCTV-[W4] can systemically infect N.
benthamiana and cause curly top symptoms.
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pBMCTV-[W4]1.2 DNA into common bean, N. benthami-
ana, pepper, shepherd’s purse and tomato seedlings. BMCTV-
[W4] was highly infectious in N. benthamiana, whereas only
low rates of infection were obtained with the other plant
species (Table 1). Infected plants of all species developed
curly top symptoms, including stunted and distorted growth
and leaf curling, crumpling, distortion and discoloration
(chlorosis or purpling). BMCTV was detected by PCR in
all symptomatic plants, and not in plants without symptoms.
Leafhopper transmission of BMCTV-[W4]
In initial experiments, beet leafhoppers were given
acquisition access periods (AAPs) of 4 h or overnight on
BMCTV-[W4]-infected N. benthamiana plants, followed by
an inoculation access period (IAP) of 3 days on 12 plants
each of common bean, N. benthamiana, pepper, shepherd’s
purse and tomato (three independent experiments). None of
the plants developed symptoms, nor was BMCTV detected
by PCR in newly emerged leaves. Observations of leaf-
hopper behavior revealed little or no feeding on BMCTV-
infected N. benthamiana plants, indicating that it is not a
preferred host for the insect.
Leafhoppers were then membrane-fed on extracts of
tobacco (Nicotiana tabacum) protoplasts transfected with
pBMCTV-[W4]1.2, followed by IAPs of 3–5 days on
shepherd’s purse plants. Here, all 12 shepherd’s purse plants
exposed to the leafhoppers (three independent experiments)
developed curly top symptoms 7–10 days post inoculation
(dpi), and BMCTV was detected by PCR in symptomatic
leaves of representative plants. Plants exposed to leaf-Table 1
Infectivity of cloned BMCTV-[W4] DNA or progeny virus in selected plant
species after inoculation by particle bombardment or viruliferous leaf-
hoppers, respectively
Plant species Infectivitya
Particle bombardment Leafhopper
transmissionb
Nicotiana benthamiana 18/18 0/6
Tomato 3/18 6/6
Pepper 1/18 6/6
Common bean 1/18 6/6
Shepherd’s purse 9/701 6/6
Sugar beet NTc 6/6
Negative controld 0/18 0/6
a Recombinant plasmid pBMCTV-[W4]1.2, containing a multimeric
BMCTV-[W4] clone, was used as inoculum. Infectivity indicates the
number of plants with curly top symptoms (systemically infected)/total
number of plants inoculated. Symptomless infections were not detected.
b Leafhoppers were given AAPs of 3–5 days on BMCTV-infected
shepherd’s purse plants and IAPs of 3–5 days on test plants.
c NT = not tested.
d Negative controls were N. benthamiana plants bombarded with gold
particles only or shepherd’s purse plants exposed to non-viruliferous
leafhoppers.hoppers membrane-fed on extracts of protoplasts electro-
porated with buffer alone did not develop symptoms. These
results established that progeny virus, derived from the
cloned BMCTV-[W4] DNA, is leafhopper-transmissible.
A host range experiment was next performed with
leafhoppers. Insects were given AAPs of 3–5 days on
BMCTV-[W4]-infected shepherd’s purse plants, followed
by IAPs of 3–5 days on common bean, pepper, shepherd’s
purse, sugar beet and tomato plants. Curly top symptoms
developed in all inoculated common bean, pepper, shep-
herd’s purse and tomato plants; whereas sugar beet plants
developed mild leaf epinasty and crumpling (Table 1).
Considering the particle bombardment and leafhopper
transmission results together, the host range and sympto-
matology of BMCTV-[W4] are similar to that previously
reported for BMCTV, including N. benthamiana, common
bean and the diagnostic mild symptom phenotype in sugar
beet (Stenger et al., 1990). Our results extend the BMCTV
host range to pepper, shepherd’s purse and tomato.
Generation of BMCTV CP mutants
To identify CP regions involved in BMCTV biology and
pathogenesis, the surface probability of the amino acids
composing the CP (254 amino acids) was determined (Fig.
1A). Peaks represent regions predicted to be at the surface
of the folded protein, and these were generally clusters of
charged amino acids, such as aspartic acid (D), glutamic
acid (E), lysine (K), arginine (R) and histidine (H). Fifteen
such clusters were identified, and these were concentrated
in the N- and C-termini (Fig. 1A). One or more amino acids
within each cluster were changed to alanine residues by
site-directed mutagenesis (Fig. 2A). This resulted in the
generation of 15 recombinant plasmids, each having
BMCTV-[W4]1.2 with a different alanine scanning muta-
tion in the CP gene (the numbers represent the position of
the amino acid residues changed to alanine): pCP2-6,
pCP14-16, pCP25-28, pCP34-35, pCP39-40, pCP44-46,
pCP49-51, pCP84-87, pCP111, pCP154-158, pCP166-170,
pCP183-187, pCP195-196, pCP218-223 and pCP234-237
(Figs. 1A and 2A). A frameshift mutation was also intro-
duced into the CP gene, generating the recombinant plas-
mid, pCPFS.
The 5V end of the CP ORF overlaps the 3V end of the
V2 gene (encoding the 126 amino acid V2 protein). The
creation of seven N-terminal CP mutants (CP2-6, CP14-16,
CP25-28, CP34-35, CP39-40, CP44-46 and CP49-51) also
introduced amino acid substitution and/or deletion muta-
tions into the V2 ORF (Fig. 2B). CP2-6 has 4 amino acid
substitutions, and a C-terminal deletion of 47 amino acids.
CP14-16, CP25-28, CP34-35, CP39-40 and CP49-51 each
have amino acid substitution mutations (Fig. 2B); whereas
CP44-46 has an amino acid substitution and a C-terminal
deletion of 9 amino acids. A frameshift mutation also was
introduced into the V2 gene, generating the recombinant
plasmid pV2FS.
Fig. 1. Location and biological properties of BMCTV-[W4] capsid protein (CP) alanine scanning mutants. (A) Surface probability of the BMCTV CP showing
amino acids (peaks) predicted to be located at the surface of the folded protein. Alanine scanning mutations are shown on the right side of the appropriate
cluster (peak), and mutants are named according to the position(s) of the amino acids changed to alanine residues. Superscript (a) denotes N-terminal CP
mutants that also have mutations in the overlapping V2 ORF. BMCTV and CPFS are wild-type BMCTV-[W4] and a CP frameshift mutant, respectively. (B)
Replication was assessed in tobacco protoplasts and is indicated as (+) for replication detected and () for replication not detected. Infectivity in Nicotiana
benthamiana is indicated as number of plants systemically infected/total number of plants inoculated by particle bombardment, and symptom severity
(recorded 25 days post inoculation) is indicated as follows: no asterisk = no symptoms, * = mild symptoms (mild leaf curling and distortion), ** = moderate
symptoms (moderately stunted growth and obvious leaf curling and chlorosis), *** = severe symptoms (severely stunted growth and strong leaf epinasy,
curling and chlorosis). Leafhopper uptake was assessed based on PCR detection of BMCTV DNA in leafhoppers following an overnight feeding on extracts of
tobacco protoplasts electroporated with cloned DNA of each mutant, and is indicated as (+) for detection of viral DNA, () no detection and (T) for detection in
a small number of tested leafhoppers. Leafhopper transmission was assessed by providing leafhoppers an overnight feeding on extracts of protoplasts
electroporated with cloned DNA of each mutant, and then placing groups of five to seven insects on shepherd’s purse plants for IAPs of 3–5 days.
Transmission is presented as number of plants developing symptoms and PCR-positive for BMCTV infection/total plants inoculated. Virion formation was
assessed by immunosorbent electron microscopy analysis of extracts prepared from transfected protoplasts, and is indicated as (+) for virions detected and
(VND) for virions not detected.
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Fig. 3. Replication of BMCTV-[W4] and capsid protein alanine scanning
mutants in Nicotiana tabacum protoplasts. Appropriate plasmid DNAs
were transfected into protoplasts and replication was detected by Southern
blot hybridization analysis of total nucleic acids extracted (A) 0 and (B) 5
days post electroporation with a pBMCTV-[W4] DNA probe. Input
inoculum and newly replicated BMCTV DNA forms are indicated with
an arrow and a bracket, respectively. Mock represents protoplasts electro-
porated with buffer alone. Lane M is the size marker (1-kb ladder, Gibco-
BRL) and arrows on left side indicate sizes of marker fragments hybridizing
with the plasmid vector DNA of pBMCTV-[W4].
Fig. 2. Predicted amino acid sequences of the BMCTV-[W4] (A) capsid
protein (CP) and (B) V2 protein. (A) The CP amino acid residues changed
to alanine are shaded, and the designation of each mutant is indicated
beneath the altered residues. (B) Amino acid substitution and deletion
mutations introduced into the V2 protein as a consequence of generating the
CP mutants. Mutations are shown beneath their corresponding position in
the V2 amino acid sequence, and the designation of each mutant is
indicated beneath the altered residues. Asterisks indicate stop codons.
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protoplasts
In three independent experiments, newly replicated DNA
forms were detected in tobacco protoplasts transfected with
the CP mutants (15 alanine scanning and the frameshift) and
wild-type BMCTV-[W4] (Fig. 3). No such forms were
detected in protoplasts electroporated with buffer alone.
Kinetics of viral DNA replication were similar for the CP
mutants and wild-type BMCTV-[W4], with highest levels of
newly replicated viral DNA detected at 5 dpe (Fig. 3). Thus,
these CP mutations did not affect replication of BMCTV
DNA.
Capacity of BMCTV CP mutants to systemically infect
N. benthamiana plants
The results of these experiments are summarized in
Fig. 1B. A high rate of systemic infection (85%) was
obtained in N. benthamiana plants bombarded with
BMCTV-[W4] DNA, whereas no symptoms developed
in plants bombarded with pCPFS (the CP frameshift
mutant) or gold particles only. The V2 frameshift mutant
systemically infected N. benthamiana, but at a lower rate
(48%, 10/21 plants infected in a total of four independent
experiments); and it induced a very mild or symptomlessphenotype (all infections were confirmed by PCR detec-
tion of BMCTV).
The seven N-terminal alanine scanning mutants all
systemically infected N. benthamiana, although some
induced attenuated symptoms (Fig. 1B). Plants infected
with CP2-6, with the 47 amino acid deletion in the C-
terminus of V2 (Fig. 2B), showed slightly stunted growth
and mild leaf epinasty and deformation (Fig. 4A). These
symptoms were the mildest of any of the alanine scanning
mutants (Fig. 1B), but were more severe than those induced
by the V2 frameshift mutant. Thus, this phenotype is
consistent with the role of V2 in pathogenicity, but also
suggests that the truncated V2 may be functional. Mutants
CP14-16 (Fig. 4B) and CP49-51 (Fig. 4D) induced
moderate to severe leaf epinasty and chlorosis symptoms,
which were more severe than those induced by CP2-6 but
less severe than those induced by BMCTV-[W4] (e.g., Fig.
4I). These mutants encode a complete V2, with amino acid
substitution mutations in the central (CP14-16) or C-
terminal region (CP49-51) of the protein (Fig. 2B). Mutant
CP25-28 induced leaf mottling and moderate epinasty and
curling (Fig. 4C), but less stunting than BMCTV-[W4] (Fig.
4H); this mutant also encodes a complete V2 with amino
acid substitutions in the central region. Mutants CP34-35,
Fig. 4. Disease symptoms induced in Nicotiana benthamiana plants infected with selected BMCTV capsid protein (CP) mutants. (A–D) Symptoms in leaves
of plants infected with CP mutants, 25 days post-bombardment with BMCTV-[W4] plasmid DNA (A) CP2-6, (B) CP14-16, (C) CP25-28 and (D) CP49-51. (E)
Symptoms in leaves of plants bombarded with wild-type BMCTV-[W4] DNA or (F) gold particles only. (G–I) Relative effect of infection by selected mutants
on growth of Nicotiana benthamiana plants compared with plants infected by BMCTV-[W4] (BCTV) or bombarded with gold particles only (GOLD). (G)
CP111 (left) compared with wild-type BMCTV-[W4] (center) and gold particles alone (right), (H) CP25-28 (center) compared with BMCTV-[W4] (right) and
gold particles alone (left) and (I) CP49-51 (center) compared with BMCTV-[W4] (right) and gold particles alone (left).
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1B); CP34-35 and CP39-40 each encode a complete V2
with amino acid substitution mutations in the C-terminal
region; whereas CP44-46 has a single amino acid sub-
stitution mutation and a 9 amino acid deletion in the C-
terminus (Fig. 2B). One mutant in the central region of the
CP, CP84-87, did not systemically infect N. benthamiana;
whereas another, CP111, induced wild-type symptoms,
including severely stunted growth (Figs. 1B and 4G). Of
the six C-terminal mutants, CP183-187 induced wild-type
symptoms, whereas the others (CP154-158, CP166-170,
CP195-196, CP218-223 and CP234-237) did not systemi-
cally infect N. benthamiana (Fig. 1B).
BMCTV was detected by PCR in all symptomatic
plants tested (a minimum of 2 plants tested per mutant),
and not in plants without symptoms (all plants tested). For
each mutant that systemically infected N. benthamiana,
the presence of the appropriate CP mutation in infected
leaves of at least two plants was confirmed by DNA
sequence analysis of PCR-amplified CP DNA fragments.
Thus, these substitution mutants were stable in the
BMCTV genome.
Together, these results indicated that mutations intro-
duced into the N-terminus of the CP did not abolish the
capacity of BMCTV to systemically infect N. benthamiana
plants, although a number of N-terminal mutants had
attenuated symptom phenotypes. However, because these
mutants also had mutations in V2, a viral pathogenicity
determinant, it is not possible to identify the specific
mutation(s) underlying the attenuated phenotype. In con-
trast, most of the C-terminal mutations prevented systemicinfection, indicating that this region plays an important role,
either directly or indirectly, in this process.
Levels of mutant viral DNA and CP in infected
N. benthamiana plants
PCR analyses indicated that levels of viral DNA were
comparable in plants infected with CP mutants and
BMCTV-[W4] (i.e., similar amounts of PCR-amplified
BMCTV fragments were observed in EtBr-stained agarose
gels). Because this analysis is not quantitative, viral DNA
levels for selected mutants (CP25-28, CP34-35 and CP49-
51) and wild-type BMCTV-[W4] were further examined by
Southern blot hybridization analysis of total nucleic acids
extracted from equivalent symptomatic N. benthamiana
leaves. The presence of the appropriate mutant in each plant
was first confirmed by DNA sequencing, as previously
described, and then a total of 9 plants infected by each
mutant and BMCTV-[W4] were examined in each of three
independent experiments. Although CP25-28 and CP49-51
induced attenuated symptoms, no obvious reduction in viral
ds-DNA levels was detected in any of the mutants compared
with BMCTV-[W4]; however, some plants infected with
mutant CP49-51 appeared to have a reduced level of ss-
DNA forms (Fig. 5A).
Western blot analyses with BMCTV CP antisera (aCP610
and aCP611; Soto, 2002) revealed a protein of¨30 kDa (the
expected size of the BMCTV CP) in BMCTV-infected N.
benthamiana plants, whereas no such protein was detected in
uninfected plants (data not shown). Western blot analyses,
with aCP611 antiserum, of total proteins extracted from
Fig. 5. BMCTV DNA (A) and capsid protein (CP, B) levels detected in
equivalent leaves of Nicotiana benthamiana plants systemically infected
with mutants CP25-28, CP34-35, CP49-51 or wild-type BMCTV-[W4]
(BMCTV); or bombarded with gold particles only (GOLD). (A) Southern
blot hybridization analysis of total nucleic acids with a pBMCTV-[W4]
DNA probe. BMCTV double-stranded (dsDNA) and single-stranded
(ssDNA) forms are shown with brackets. Lane M is the size marker (1-kb
ladder, Gibco-BRL) and arrows on left side indicate sizes of marker
fragments hybridizing with the plasmid vector DNA of pBMCTV-[W4].
(B) Western blot analysis of total proteins with BMCTV CP antiserum.
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infected with the CP mutants and BMCTV-[W4] revealed
similar levels of CP (Fig. 5B). These results are consistent
with those of the Southern blot hybridization analyses
showing efficient movement and accumulation of DNA of
CP mutants, and indicate that the mutant CPs were expressed
and stable in infected plants.
Virion formation
In preliminary immunosorbent electron microscopy
(ISEM) experiments, twinned (geminate) virion-like par-Fig. 6. Detection of BMCTV virions by immunosorbent electron micro-
scopy. Extracts were prepared from Nicotiana tabacum protoplasts trans-
fected with (A) BMCTV-[W4]1.2 DNA or (B) buffer only. Virions were
captured on grids coated with BMCTV capsid protein antiserum, stained
with uranyl acetate and viewed with an electron microscope.ticles were consistently detected in extracts prepared from
protoplasts transfected with BMCTV-[W4]1.2 (Fig. 6A),
whereas these particles were not detected in extracts of
protoplasts transfected with buffer only (Fig. 6B). The
capacity of the CP mutants to form virions in this assay
is summarized in Fig. 1B. Virions were detected for all
mutants that established systemic infections in N.
benthamiana (CP2-6, CP14-16, CP25-28, CP34-35,
CP39-40, CP44-46, CP111 and CP183-187), with the
exception of mutant CP49-51 (Fig. 1B). Virions were not
detected for all mutants that did not establish systemic
infections in N. benthamiana (CP84-87, CP154-158,
CP166-170, CP218-223, CP234-237 and CPFS), with
the exception of mutant CP195-196 (Fig. 1B). These results
indicate a strong correlation between virion formation and
systemic infection.
To provide another line of evidence that mutants CP49-
51, CP84-87, CP154-158, CP166-170, CP218-223, CP234-
237 and CPFS did not form virions, extracts of protoplasts
transfected with each of these mutants as well as BMCTV-
[W4]1.2 (positive control), were treated with DNAse I. Prior
to DNAse treatment, BMCTV DNAwas detected by PCR in
all these protoplast extracts (Fig. 7A); however, after
DNAse I treatment, BMCTV DNA was detected only in
the extract of protoplasts transfected with BMCTV-[W4]1.2
(Fig. 7B). Thus, the DNA of the CP mutants, but not wild-
type BMCTV-[W4], was degraded by the DNAse I. This
result is consistent with a defect in virion formation or
stability for these mutants.Fig. 7. DNAse protection assay. (A) Agarose gel showing the diagnostic 1.1
kbp BMCTV DNA fragment PCR-amplified from extracts of Nicotiana
tabacum protoplasts transfected with plasmid DNA of BMCTV CP mutants
for which virions were not detected with immunosorbent electron microscopy
(CP49-51, CP84-87, CP154-158, CP166-170, CP218-223, CP234-237 and
CPFS) and wild-type BMCTV-[W4]1.2; prior to DNAse I treatment. (B)
Agarose gel showing BMCTV DNA fragments PCR-amplified from the same
extracts used in panel (A) except after treatment with DNAse I. The BMCTV
DNA fragment was not amplified from an extract prepared from protoplasts
electroporated with buffer only (). Arrows on the right side indicate the 1.1
kbp BMCTV DNA fragment. Lane M is the size marker (1-kb ladder, Gibco-
BRL) and arrows on left side indicate sizes of the 1.6 and 1.0 kbp marker
fragments.
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Leafhoppers were fed overnight on extracts of proto-
plasts transfected with plasmid DNA of each of the mutants
or BMCTV-[W4]1.2, and then placed on shepherd’s purse
plants for a 3–5 day IAP. Most N-terminal mutants (5 of 7)
were leafhopper-transmitted, based upon development of
curly top symptoms in inoculated plants and detection of
BMCTV DNA in newly emerged leaves of these plants
(Fig. 1B). For all of these leafhopper-transmitted mutants,
virion formation was detected (Fig. 1B). Mutants CP2-6
and CP14-16 induced mild and moderate symptoms in
shepherd’s purse plants, respectively, whereas CP34-35,
CP39-40 and CP44-46 induced wild-type symptoms. The
results with mutant CP2-6 also established that the C-
terminal portion of the BMCTV-[W4] V2 protein is not
essential for insect transmission or systemic infection in
shepherd’s purse.
The two N-terminal mutants that were not leafhopper-
transmitted, CP25-28 and CP49-51, both systemically
infected N. benthamiana (Fig. 1B). However, we could
not rule out the possibility that the failure of these mutants
to infect shepherd’s purse plants in the leafhopper trans-
mission experiments was due to a host-specific defect (i.e.,
these mutants were not infectious in shepherd’s purse) rather
than a defect in insect transmission. Therefore, shepherd’s
purse seedlings were inoculated with pBMCTV-[W4]1.2,
pCP25-28 and pCP49-51 DNA by particle bombardment.
Although the efficiency of this inoculation method for this
host is low (i.e., ¨1% for BMCTV-[W4]1.2; Table 2), both
mutants were infectious in shepherd’s purse plants (¨0.8%
for CP25-28 [6 infected plants/774 bombarded] and ¨0.9%
for CP49-51 [4 infected plants/473 bombarded]). These
infections were confirmed by PCR detection of BMCTV,
and the presence of the appropriate mutant in each of the
infected plants was confirmed by sequence analysis of PCR-
amplified CP fragments. No BMCTV DNAwas detected inTable 2
Primers used in alanine scanning mutagenesis of the BMCTV capsid protein
Primer Prim
CPc2-6 GA
CPc14-16 CTT
CPc25-27 TCG
CPc25-28 CGA
CPc34-35 TCT
CPc39-40 GTT
CPc44-46 TTT
CPc49-51 CAT
CPc84-87 TAA
CPc111 GTC
CPc154-158 AA
CPc166-170 TAG
CPc183-187 CAT
CPc195-196 CAT
CPc218-223 AG
CPc234-237 CATshepherd’s purse plants bombarded with gold particles only.
Thus, these results indicated that these mutants have a defect
in leafhopper transmission. In the case of CP49-51, this is
consistent with a failure to detect virion formation; whereas
for CP25-28, it indicates an inability of the virions to move
through the leafhopper.
The central (CP111) and C-terminal (CP183-187) mutants
that established systemic infections in N. benthamiana and
formed virions were leafhopper-transmitted and induced
curly top symptoms in shepherd’s purse plants (Fig. 1B). In
contrast, the central (CP84-87) and C-terminal mutants
(CP154-158, CP166-170, CP195-196, CP218-223 and
CP234-237) that did not systemically infect N. benthamiana
were not leafhopper-transmitted, based upon a lack of
symptom development in inoculated plants and a failure to
detect BMCTV DNA in newly emerged leaves of these
plants. With the exception of CP195-196, virion formation
was not detected for these mutants (Fig. 1B). For all
leafhopper-transmitted mutants, the presence of the appro-
priate CP mutant in systemically infected leaves of at least 2
plants for each mutant was confirmed by sequence analysis of
PCR-amplified CP fragments. Taken together, these results
demonstrate a strong correlation between virion formation
and leafhopper transmission.
Leafhopper uptake of the CP mutants
To further assess the interaction of CP mutants with the
leafhopper vector, we used an assay to test viral uptake and
retention in the insect. Here, leafhoppers were fed with
protoplast extracts, overnight, and then tested for BMCTV
by PCR. Two lines of evidence indicated that this assay
detects virus-specific uptake (presumably in the gut) and
retention, rather than non-specific ingestion. First, BMCTV
DNA was not detected in leafhoppers fed with solutions
containing pBMCTV-[W4]1.2 DNA, indicating that unpro-
tected DNA was degraded in the leafhopper gut. Second, toer Sequence (5Vto 3V)
CATCGTATACGTATTAGCTGTATAGGCAGCCATACAACG AACACTT
TGAGGATTCACAGCTGCAGCCTGGGACATCGTA
TAGTAGTCCTCGCTGCAGCCGGCCACGCAC
AGTCGTAGTAGTAGCCGCAGCAGCCGGCCA
CCTCCATTGGTAAGCTGCAGAAGTCGTAGTAGTC
TTTTGTCACAGGAGCCGCCCATTGGTATTTCCT
AACTTCGGAGTCGCGTTAGCTGTCACAGGTCTC
ATCATCATACATCGCTAAAGCCGGAGTCCTGTTT
CGTTGTTCGCTGCAGCACTAGCACCAATACCCTG
ATATAATTAGGAGTAGCCCAGAACGGAGA
CCTCTCGTTCATCGCTGCAGCAATAGCATAAGTAGACGGCAT
ACATCAAATGAGTTGCCCAAGCAGCCGCCACAATGAACCT CTC
TGAAGGAGCCGCGTAAGTAGCAGCGCCTCCATAACCA
TGATATTCATAGGAGCCGCGTAATTCGGCATTG
TAAAGCATTCTCCGCCACTGCAGCATAGGCCCCACCACCGG
ACATATTAGTATTAGCCGTATTCGCATTAACAACAACAT
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hoppers were fed extracts of protoplasts electroporated with
pBMCTV-[W4]1.2 or an infectious multimeric DNA-A
clone (pTFA-2) of the begomovirus Tomato mottle virus
(ToMoV; Gilbertson et al., 1993). Replication of BMCTV-
[W4] and ToMoV DNA-A in the electroporated protoplasts
was confirmed by Southern blot hybridization analysis. In
two independent experiments, BMCTV DNA was detected
in leafhoppers fed on extracts of protoplasts electroporated
with pBMCTV-[W4]1.2, whereas ToMoV DNA-A was not
detected in leafhoppers fed with extracts of protoplasts
electroporated with pTFA-2 (data not shown). These results
suggest that this assay reflects a specific BMCTV–leaf-
hopper interaction.
Viral uptake and retention in the leafhopper vector were
detected for all mutants that systemically infected N.
benthamiana, formed virions and were leafhopper-trans-
mitted (CP2-6, CP14-16, CP34-35, CP39-40, CP44-46,
CP111 and CP183-187) (Fig. 1B). Uptake also was detected
for the two mutants that formed virions but were not
leafhopper-transmitted: CP25-28 (systemically infected N.
benthamiana) and CP195-196 (did not systemically infect
N. benthamiana). For mutant CP25-28, this result suggests
impaired movement of virions in the leafhopper. In the case
of CP195-196, it is not clear whether movement in the
leafhopper was impaired because this mutant did not
systemically infect N. benthamiana.
No uptake was detected for mutants that did not
systemically infect N. benthamiana and were not leaf-
hopper-transmissible (CP84-87, CP154-158, CP166-170,
CP218-223, CP234-237 and CPFS) (Fig. 1B). These results
are fully consistent with the failure to detect virion
formation for these mutants, and indicate that the unpro-
tected viral DNAwas degraded in the insect gut. In the case
of mutant CP49-51, which systemically infected N. ben-
thamiana, but did not form detectable virions and was not
leafhopper-transmitted, a faint BMCTV DNA fragment was
detected in leafhoppers in some, but not all, uptake assays.Discussion
In this study, a full-length clone of an isolate of BMCTV
(BMCTV-[W4]), associated with a curly top outbreak in
tomato and pepper crops in New Mexico, U.S.A., was
generated using PCR and overlapping primers. This clone
was infectious (i.e., induced symptomatic systemic infec-
tions in various plant species), and progeny virus was
leafhopper-transmitted. The host range and symptomatology
of BMCTV-[W4] is similar to that described for BMCTV,
including the mild symptom phenotype in sugar beet from
which the name is derived (Stenger et al., 1990; Stenger,
1998). We further established that BMCTV-[W4] induces
curly top disease in pepper and tomato, thereby completing
Koch’s postulates for these hosts. This finding is consistent
with BMCTV-[W4] causing the curly top outbreak in NewMexico, and with this species causing the disease in these
hosts in other states in the Western U.S.A. (Stenger and
McMahon, 1997).
The infectious BMCTV-[W4] clone was used to develop
assays to examine key aspects of viral biology: replication,
systemic infection, virion formation and insect transmission.
Multimeric BMCTV-[W4] constructs have been unstable
in Agrobacterium tumefaciens, which has prevented the
development of an agroinoculation system for this isolate.
The reason(s) for this are not clear, as this problem has not
been reported by others (Baliji et al., 2004; Briddon et al.,
1989; Stenger et al., 1991). Particle bombardment of cloned
monomeric or multimeric BMCTV-[W4] DNA provided
high rates of infectivity in the experimental host, N.
benthamiana, but not in other hosts. This likely reflects
the phloem-limited nature of curtovirus infections (Esau,
1977; Esau and Hoefert, 1973; Esau and Magyarosy, 1979;
Latham et al., 1997; Thornley and Mumford, 1979), and the
fact that particle bombardment tends to introduce DNA into
outer cell layers (e.g., epidermal cells; Sudarshana et al.,
1998). Thus, BMCTV may not have been able to access the
phloem of bombarded leaves. This may reflect a lack of cell-
to-cell movement capacity or inefficient MP function for
BMCTV-[W4], as shown for the phloem-limited monop-
artite begomovirus, Tomato yellow leaf curl virus (TYLCV;
Rojas et al., 2001). Although BCTV is also phloem-limited
in N. benthamiana (Latham et al., 1997), the efficacy of
particle bombardment inoculation for this host may reflect
delivery of viral DNA into phloem-associated cells, and/or
yet undefined properties of this experimental host that allow
more extensive cell-to-cell movement of BMCTV-[W4]. In
contrast, leafhopper transmission provided high rates of
BMCTV-[W4] infectivity in all hosts except N. benthami-
ana, consistent with the insect vector delivering the virus
into the phloem. This method was not suitable for N.
benthamiana because leafhoppers would not feed on it.
Alanine scanning mutagenesis was used to alter amino
acid residues predicted to be on the surface of the BMCTV
CP and, thus, likely to be involved in protein–protein
interactions (Bass et al., 1991; Giesman-Cookmeyer and
Lommel, 1993). The BMCTV CP alanine scanning and
frameshift mutants replicated in protoplasts, which is in
agreement with CP not being required for replication of
BCTV DNA (Briddon et al., 1989). The replication of
mutant CP2-6, with a 47 amino acid deletion in the C-
terminus of the V2, and the capacity of the V2 frameshift
mutant to systemically infect N. benthamiana are also in
agreement with previous studies showing that this protein is
not required for BCTV DNA replication (Hormuzdi and
Bisaro, 1993; Stanley et al., 1992).
The finding that most N-terminal BMCTV CP mutants
systemically infected N. benthamiana and formed virions,
whereas most C-terminal mutants did not systemically infect
this host nor form (detectable) virions demonstrates a strong
correlation between virion formation and long-distance
movement. Given that it is well established that BCTV
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1971), our findings suggest that virions are the form in
which the virus moves in the phloem sieve elements (SEs).
Although virions were not observed in SEs of BCTV-
infected plants in several ultrastructural studies (Esau, 1977;
Esau and Magyarosy, 1979), this may have been due to
technical difficulties and/or low virion concentrations in
phloem sap. However, the finding of virion-like particles in
highly infectious phloem exudates from BCTV-infected
Amsinkia douglasiana plants is consistent with virions
moving in SEs (Magyarosy, 1980). Taken together with
findings for other monopartite geminiviruses, in which CP
and virion formation is required for systemic infection
(Boulton et al., 1989; Briddon et al., 1989; Lazarowitz et al.,
1989; Noris et al., 1998; Rigden et al., 1993; Liu et al.,
1998, 2001), it seems likely that virions are the predominant
long-distance movement form for these viruses.
Two mutants deviated from the strong correlation
between virion formation and systemic infection. Mutant
CP49-51 systemically infected N. benthamiana and induced
symptoms, but it did not form (detectable) virions nor was it
leafhopper-transmitted. This mutant may form unstable
virions that were not detected in our protoplast assay. This
scenario gains support from the findings that (i) all other
mutants that did not form (detectable) virions did not
establish systemic infections, i.e., did not produce a form
capable of long-distance movement, and (ii) mutant CP49-
51 was the only non-virion-forming mutant detected in the
leafhopper uptake and retention assay (albeit inconsistently
and at low levels). Alternatively, this mutant may move long
distance in a non-virion form (e.g., a nucleoprotein
complex). However, if BMCTV can move, long distance,
as either a nucleoprotein or virion, it would seem likely that
other non-virion forming mutants also would have estab-
lished systemic infections. In either case, the infectious form
of CP49-51 effectively moves long distance in the plant, but
not in the leafhopper (Fig. 1B). In contrast, mutant CP195-
196 formed virions and was taken up by leafhoppers, but it
did not systemically infect N. benthamiana. This demon-
strates that virion formation, alone, is not sufficient for
systemic infection. This could be due to an inability of
CP195-196 virions to uncoat at some point in the infection
process, or an inability to properly interact with host and/or
viral factors during long-distance movement.
BMCTV is transmitted by the beet leafhopper in a
circulative manner, i.e., the virus is acquired in the digestive
tract and moves through the body of the vector to the
salivary glands where it is released during feeding (Bennett,
1971; Soto and Gilbertson, 2003). Leafhopper uptake and
transmission were also strongly correlated with virion
formation. Although the leafhopper uptake assay does not
necessarily measure acquisition per se, it reflects some
degree of specificity of the BMCTV-beet leafhopper
interaction because: (i) the overnight feeding period is
sufficient time for acquisition and movement of virus
through the insect (minimum time: 4 h; Soto and Gilbertson,2003), (ii) unprotected BMCTV plasmid DNA is degraded
in the insect and (iii) begomovirus virions were not taken up
and retained. Thus, our results are fully consistent with the
CP being the determinant of geminivirus insect transmission
(Azzam et al., 1994; Briddon et al., 1990; Mullineaux et al.,
1984; Noris et al., 1998), and further demonstrate that
virions are required for this process. Thus, long-distance
movement of BMCTV virions in the phloem is essential for
both systemic infection and acquisition by the leafhopper
vector.
Given that virions are acquired by the insect vector,
virion-forming mutants that systemically infect plants but
are not leafhopper-transmitted may reveal CP regions
involved in the virus-insect interaction. Mutant CP25-28
fulfills these criteria and may reveal an N-terminal region
involved in virus movement through the leafhopper,
possibly receptor-mediated endocytosis in the gut or
salivary glands. Another region of the BCTV CP, residues
179–191, was recently postulated to be an adaptation for
leafhopper transmission (Bo¨ttcher et al., 2004). However,
substitution mutations in this domain (in mutant CP183-
187, Fig. 2A) did not interfere with leafhopper transmission.
Amino acid residues involved in whitefly transmission of
begomoviruses also have been identified. For TYLCV, these
residues were in the central region and were correlated with
virion formation (Noris et al., 1998). For the bipartite
begomoviruses, these residues were in the central and C-
terminal regions, and were speculated to be involved in
post-translational modification, recognition by putative
receptors and virion stability (Kheyr-Pour et al., 2000;
Ho¨hnle et al., 2001).
The finding that most C-terminal BMCTV CP mutants
did not form virions (Fig. 1B) indicates that this region is
involved in proper folding of the CP, formation of CP
subunits or virion assembly. An amino acid substitution
mutant in the C-terminus of the MSV CP also prevented
virion formation, and this was attributed to interference with
interaction of CP monomers (Liu et al., 2001). The predicted
structure of the MSV CP is an eight-stranded antiparallel h-
barrel motif, with a disordered N-terminal a-helix (Zhang et
al., 2001). Although there is little obvious identity between
the primary CP amino acid sequences of MSV and BMCTV
(data not shown), the h-barrel motif is conserved among ss-
DNA viruses (McKenna et al., 1996). Thus, the failure of
BMCTV C-terminal CP mutants to form virions may reflect
disruption of the conserved h-barrel structure and/or h-
barrel interactions. Consistent with this hypothesis, yeast
two-hybrid assays showed that TYLCV CP–CP interactions
were greatly impaired for C-terminal deletion mutants
(Hallan and Gafni, 2001).
The finding that most N-terminal CP mutants were
infectious, formed virions and were leafhopper-transmitted
revealed that this region is tolerant of substitution muta-
genesis. The N-terminus of the MSV CP is involved in
nuclear accumulation and DNA binding (Liu et al., 1997,
1999), and it also plays a role in particle assembly and
M.J. Soto et al. / Virology 341 (2005) 257–270 267architecture (Zhang et al., 2001). The BMCTV CP is also
targeted to the nucleus, and the N-terminus has 4 predicted
nuclear localization signals and a large number of positively
charged amino acid residues (Fig. 2A; Soto, 2002). Thus,
the N-terminus of the BMCTV CP may well function in an
equivalent manner as that of MSV. The tolerance of this
region to substitution mutagenesis may be due to redun-
dancy in the positively charged residues involved in these
functions. In contrast, deletion mutagenesis of this region of
the ACMV CP prevented virion formation, presumably due
to disruption of protein–protein and protein–nucleic acid
interactions (Unseld et al., 2004).
In conclusion, regions of the BMCTV CP involved in
systemic infection, virion formation and insect transmission
were identified. Virion formation was strongly correlated
with systemic infection and insect transmission. This
provides strong evidence that BMCTV virions are moving,
long distance, in the phloem. The N-terminus was more
tolerant of mutations and contains a region involved in the
BMCTV–leafhopper interaction, whereas the C-terminus
was less tolerant of mutation, possibly due to involvement
in virion formation and stability.Materials and methods
Cloning and characterization of an infectious clone of
BMCTV
Samples of pepper and tomato plants with curly top
symptoms were obtained from NewMexico, U.S.A. in 1995.
The sequence of an¨700 bp BMCTV DNA fragment, PCR-
amplified from these samples (Guzma´n et al., 1996), was used
to design a primer pair overlapping a BglII site (in bold) in the
C1 ORF: BMCTVv2471 (5V-GATCGAGATCTTCCGTC-
GACTTG-3V) and BMCTVc2476 (5V-CGCCTAGATCT-
GCTAGAGGAGGCCA-3V). PCR with this primer pair was
performed with the high fidelity polymerase Vent (New
England Biolabs, Beverly, MA), and PCR-amplified DNA
fragments were cloned into pCR-Blunt (Invitrogen Corpo-
ration, Carlsbad, CA). DNA sequences were determined
using the dideoxynucleotide chain termination method
and Sequenase (USB, Cleveland, OH). Sequences were
assembled and analyzed with the GCG (Genetics Computer
Group, Madison, WI) software package.
Construction of a multimeric BMCTV clone
A 1.2-mer construct (multimer) was generated by
digesting pBMCTV-[W4] with SpeI and BglII, and gel-
purifying the 576 bp fragment. This fragment was cloned
into SpeI/BglII-digested pSL1180 (Amersham Pharmacia,
Piscataway, NJ) to generate pBMCTV-[W4]0.2. The full-
length BMCTV fragment, excised from pBMCTV-[W4]
with BglII, was cloned into BglII-digested pBMCTV-
[W4]0.2 to generate pBMCTV-[W4]1.2.Alanine scanning mutagenesis
A2265 bpEcoRI–SalI fragment (containing the complete
CP gene) was excised from pBMCTV-[W4] and cloned into
pAlter (Promega, Madison, WI) to generate pAlter-BMCTV-
ES. Alanine scanning mutants were generated using the
primers presented in Table 2 and the Altered Sites II In Vitro
Mutagenesis Kit (Promega). In some cases, restriction
enzyme sites were introduced into the primers to facilitate
identification of the mutants. Mutations were verified by
DNA sequence analysis and restriction enzyme digestion.
Once the appropriate mutation was confirmed, the ¨1.2 kbp
SpeI fragment, containing the mutated CP sequence, was
excised from pAlter-BMCTV-ES and exchanged for the
corresponding fragment in pBMCTV-[W4]1.2.
CP and V2 frameshift mutants
A BMCTV CP frameshift mutant was generated by
digesting pBMCTV-[W4]1.2 with BstXI (a unique site in
the 5Vregion of the CP gene). The 3Voverhang was rendered
blunt-ended with T4 DNA polymerase and the plasmid was
religated. Recombinant plasmids having this 4-bp deletion
were identified by restriction enzyme digestion and DNA
sequence analysis.
A BMCTV V2 frameshift mutant was generated using
site-directed mutagenesis. Here, the ¨1.2 kbp SpeI frag-
ment from pBMCTV-[W4]1.2 was subcloned into pKSII
and mutagenesis performed using primers pV2-F (5V-
GTCAACTTTCATAGGTAGTGATCGTTGTATGAG-3V)
and pV2-R (5V-CCTATGAAAGTTGACCTTACACCT-
CAGTAG-3V) and the GeneTailor Site-Directed Muta-
genesis System (Invitrogen, Carlsbad, CA). The presence
of the frameshift mutation in selected clones was con-
firmed by sequencing, and the ¨1.2 kbp SpeI fragment
with the mutation was excised and exchanged for the
corresponding fragment in pBMCTV-[W4].
Protoplast replication assay
Protoplasts were prepared from N. tabacum Xanthi-nc
suspension cell cultures as previously described (Fromm
et al., 1987; Hou et al., 1998). Approximately 3  106
protoplasts were electroporated with ¨10 Ag of the appro-
priate BMCTV plasmid DNA using a PG200 Progenitor II
(Hoefer, San Francisco) set at 290Vand 490 AF, for 8 ms. The
electroporated protoplasts were diluted with 9 ml of growth
medium and kept at room temperature in the dark. Approx-
imately 3  105 cells were removed at 0, 1, 3 and 5 dpe for
DNA extraction as previously described (Hou et al., 1998).
Inoculation of plants with BMCTV DNA by particle
bombardment
Gold particles were coated with BMCTV plasmid DNA
and leaves of 3–4-week-old N. benthamiana, pepper, shep-
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common bean seedlings (cv. Topcrop) were inoculated by
particle bombardment as previously described (Gilbertson
et al., 1991; Sudarshana et al., 1998). Bombarded common
bean seedlings were planted in soil, and all plants were
maintained in a greenhouse. Symptom development was
recorded up to 60 dpb.
Leafhopper colonies and transmission experiments
Beet leafhoppers were reared on healthy sugar beet
plants in screen cages kept in a controlled environment
chamber at 30 -C day/25 -C night with a 16-h photo-
period. For transmission experiments, adult leafhoppers
from these colonies were given AAPs ranging from 4 h to
5 days on BMCTV-infected plants, and then put into small
clip-on leaf cages that were placed on leaves of healthy
plants for IAPs of 3–5 days.
Leafhopper-protoplast feeding assay
A protoplast feeding assay was modified from one used
for studying aphid transmission of luteoviruses (Wang et al.,
1995). Tobacco protoplasts were transfected with the
appropriate BMCTV plasmid DNA, and kept for 5 days at
room temperature. Cells were collected by centrifugation
(600g for 5 min), washed with 10 mM sodium phosphate
buffer (pH 7.0) and resuspended in 200 Al of this buffer.
This cell suspension was sonicated with a Vibra Cell Model
VC50 sonicator (Sonic and Materials Inc., Danbury, CT) for
2 s (twice), and cellular debris removed by centrifugation
(8000g for 5 min). This extract was mixed with an equal
volume of 30% sucrose solution, and a drop of blue food
coloring (McCormick and Co., Inc, Hunt Valley, MD) was
added for monitoring insect feeding. Non-viruliferous adult
leafhoppers were placed into a clear plastic tube (7.8 cm
long  2.7 cm wide). One end of the tube was covered with
a cloth screen, and the other end with parafilm. The
protoplast extract (¨400 Al) was placed on the parafilm
and then covered with another piece of parafilm. Leaf-
hoppers were allowed to membrane-feed on extracts over-
night at room temperature. Groups of five to seven insects
were exposed to leaves of healthy shepherd’s purse plants
for IAPs of 3–5 days, and plants were kept in a controlled
growth chamber at 30 -C day/25 -C night with a 16-h
photoperiod. Plants were observed for symptom develop-
ment, and tested for BMCTV infection as described below.
DNA extraction and PCR detection of BMCTV in plants and
insects
PCR analysis was performed as previously described
(Rojas et al., 1993; Soto and Gilbertson, 2003). BMCTV
DNA was amplified by PCR with a degenerate primer pair,
pAL1v1978 and PCRc1 (Rojas et al., 1993); or the BMCTV
primer pair, BMCTVv377 and BMCTVc1509, whichdirects the amplification of a diagnostic ¨1.1 kbp BMCTV
DNA fragment that includes the CP gene (CP fragment;
Soto and Gilbertson, 2003).
Detection of BMCTV DNA by Southern blot hybridization
analysis
Total nucleic acids were extracted from N. benthamiana
leaves and protoplasts as described previously (Hou and
Gilbertson, 1996), fractionated in 0.9% agarose gels in TAE
buffer and transferred to Hybond N+ nylon membranes
(Amersham, Arlington Heights, IL). Blots were hybridized
under high stringency conditions (Hou and Gilbertson,
1996) with pBMCTV-[W4] DNA labeled with [a32P]-dCTP
by nick-translation (Nick Translation System, BRL, Gai-
thersburg, MD).
Western blot analysis
Total proteins were extracted from N. benthamiana leaf
tissue as previously described (Hou et al., 2000). Fifteen
microliters of the total protein extract was fractionated by
SDS-PAGE, and electroblotted to PVDF membranes (Milli-
pore). Blots were probed with CP polyclonal antisera
(aCP610 or 611; Soto, 2002) diluted 1:1000 in TBST (10
mM Tris, pH 8.0; 0.25 M NaCl; 0.5% Tween 20). The CP
(primary) antibody was detected with goat anti-rabbit
horseradish peroxidase conjugate (1:2000 dilution), and
visualized with the Renaissance Western Blot Chemilumi-
nescence Kit (NEN, Boston, MA).
Immunosorbent electron microscopy (ISEM)
Extracts from protoplasts transfected with BMCTV
plasmid DNA were prepared as previously described, and
the presence of virions determined by ISEM (Roberts et al.,
1984). Formvar/carbon coated grids (Electron Microscopy
Sciences, Fort Washington, PA) were floated on a 10 Al drop
of BMCTV CP antiserum (aCP611), diluted 1:500 with 10
mM sodium phosphate buffer (pH 7.0), for 1 h at 37 -C.
Grids were washed with drops of phosphate buffer and
blotted dry. These BMCTV CP antibody-coated grids were
then placed on a 10 Al drop of protoplast extract, and kept in
a moist chamber overnight at 4 -C. Grids were washed in
distilled water and stained by floating on a 10 Al drop of 2%
uranyl acetate for ¨10 s. The grids were examined with a
Philips 410LS transmission electron microscope (20,000
magnification).
DNAse protection assay
Extracts from protoplasts transfected with BMCTV
plasmid DNA were prepared as previously described.
Aliquots of 300 Al were adjusted to 1.5 mM MgCl2, and
2 Al (100 units) of DNAse I (Gibco BRL, Grand Island, NY)
was added. Samples were incubated for 2 h at 37 -C, and the
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tration of 2 mM and heating samples at 65 -C for 10 min.
Samples were extracted with an equal volume of phenol/
chloroform, and nucleic acids recovered by ethanol precipi-
tation. The presence of BMCTV DNA in these nucleic acid
preparations was determined by PCR with the BMCTV
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